Introduction
Interconnects are an essential part of solid oxide fuel cells (SOFC), where they connect multiple cells to form a fuel cell stack, thus increasing the overall potential of a fuel cell [1] . Therefore, one important factor of any interconnect material is its electrical resistance at operating temperatures. In theory, the resistance should be negligible when using ferritic stainless steel interconnects, which is the norm today [1, 2] . However, due to corrosion throughout the operation of a fuel cell, a continuously growing oxide layer occurs on the interconnect, resulting in an increase in resistivity. Issues such as Cr-evaporation and other corrosion-related problems can easily be decreased by applying coatings to the steel. In recent years, plenty of studies have been published on highly conductive coatings, which are thought to lower the area specific resistance (ASR) of the interconnect significantly even after long-term operations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The most prominent suggestions are compounds with spinel structure as these are easily deposited onto the steel. Besides applying the spinel coating directly to the steel by, for example, screen printing or physical vapor deposition (PVD), a different, more cost-efficient approach is to apply a metallic coating instead. The metal or metals will then oxidize to form M 3 O 4 [15] [16] [17] during fuel cell operation. An extensive list of different spinel conductivities at 800°C can be found in Ref. [18] . Especially Cu [19] [20] [21] [22] [23] [24] [25] [26] , the main contributor to the overall ASR is expected to be Cr 2 O 3 in most practical cases.
To investigate the contribution of all oxides to the overall ASR, the moderately conductive Co 3 O 4 (σ = 6.7 S cm −1 at 800°C [18] ) coating was applied to Crofer 22 APU with different thicknesses and, subsequently, exposed at 600°C. For well adherent and dense coatings, it can be assumed that, if the coating significantly affects the ASR, thicker coatings will result in higher ASR values. Therefore a metallic Co conversion coating was prepared on Crofer 22 APU with three different Co coating thicknesses, 600 nm, 1500 nm, and 3000 nm, and the ASR was measured after 500 h of exposure in stagnant laboratory air at 600°C. This temperature is typical for the lower end of SOFC operating conditions and is expected to result in a very thin Cr 2 O 3 layer, and, thus, any effect of the Co coating thickness on the ASR can be expected to be the most pronounced.
Materials and methods
For this study, 15 × 15 × 0.3 mm 3 large coupons of Crofer 22 APU were used. The composition of this material is shown in Table 1 . The asreceived and cut-out samples were ultrasonically cleaned in acetone and ethanol. Except for the reference case, all samples were pre-oxidized for 3 min at 900°C in air prior to coating. Coatings were applied by Sandvik Materials Technology using PVD. Chosen Co coating thicknesses were 600 nm, 1500 nm, and 3000 nm. After coating, all samples were again ultrasonically cleaned in acetone and ethanol and, subsequently, exposed for 500 h at 600°C in stagnant laboratory air. After exposure, ASR measurements were performed by sputtering a defined area of 1 cm 2 with a thin Pt layer, followed by painting with the Pt paste Metalor 6926. Sintering of the Pt paint was achieved in a twostep process, a drying step for 10 min at 150°C and a sintering step for 1 h at 600°C. The ASR values were then measured according to the 4-point probe method in DC mode using the NorECs Probostat (Norway) and a Keithley 2400 source meter. The applied current was set to 100 mA cm
, and the ASR values were measured directly at exposure temperature, as well as during the cooling down phase, to verify semiconductive behavior. More details on the ASR measurements can be found in Refs. [27] and [28] . Cross-sections were prepared using a Leica Fig. 1 . SEM images of BIB milled cross-sections of Co coated Crofer 22 APU exposed for 500 h at 600°C in stagnant, laboratory air. All samples were Co coated according to the following specifications a) a pre-oxidized sample with 600 nm Co coating, b) a pre-oxidized sample with 1500 nm Co coating, c) a pre-oxidized sample with 3000 nm Co coating, d) a pre-oxidized sample with 3000 nm Co coating, which showed signs of spallation after exposure, and e) a non-pre-oxidized sample with 1500 nm Co coating. All phases were identified as follows: i) steel, ii) thin Cr 2 O 3 layer, iii) Co 3 O 4 , iv) Pt electrode, v) spallation crack, and vi) (Co,Cr,Fe) 3 O 4 .
TIC3X Broad Ion Beam (BIB) mill. The resulting cross-sections were analyzed with an Ultra 55 FEG Scanning Electron Microscope (SEM) equipped with an Oxford Inca Energy Dispersive X-ray (EDX) system. To support the SEM/EDX results X-ray diffraction (XRD) measurements were performed using a Siemens D5000 diffractometer with Cu-K α radiation.
3. Results   Fig. 1a , b, and c show SEM micrographs of pre-oxidized Co coated Crofer 22 APU (600 nm, 1500 nm and 3000 nm), which were exposed for 500 h at 600°C in stagnant laboratory air. The different Co coating thicknesses, 600 nm, 1500 nm, and 3000 nm, resulted in roughly 1.2 μm, 2.8 μm, and 5.7 μm thick Co 3 O 4 , respectively. The volume increase is in accordance with the Pilling-Bedworth ratio of 1.98 [29] for Co 3 O 4 . EDX analysis confirmed that a nearly pure Co 3 O 4 layer had formed, with very low and only localized incorporation of Mn (below 0.2 atomic%), Fe (below 0.9 atomic%) and Cr (below 0.9 atomic%). The Co 3 O 4 layer was homogenous for all three cases, and its thickness hardly varied over each sample surface. The presence of Co 3 O 4 was confirmed by XRD (data not shown). The thermally grown Cr 2 O 3 , located below the Co 3 O 4 layer can be clearly seen in the inset in Fig. 1b , and was similarly thin, 35-45 nm, for all pre-oxidized samples. Fig. 1d depicts an exposed pre-oxidized 3000 nm Co coated sample that showed spallation of the coating after the sample was removed from the furnace. This delamination is clearly visible in the SEM image ( Fig. 1d) , which shows a spallation crack in the Co 3 O 4 layer. Fig. 1e visualizes a reference sample, which was not pre-oxidized prior to coating; instead a 1500 nm thick coating was applied directly to the as-received material. A thinner Co 3 O 4 layer, compared to the corresponding pre-oxidized sample in Fig. 1b , was observed and, even more important, a thick and irregular (Co,Cr,Fe) 3 [28, 30] , who have shown that, at intermediate temperature, the metal/metal contact between steel and a metallic coating results in interdiffusion and increased oxide scale growth. This would prohibit the identification of the contribution of the coating to the ASR and, for this reason, pre-oxidized steel was used in this study.
Recorded ASR values are depicted in Fig. 2 . Black symbols correspond to pre-oxidized samples with the different Co coating thicknesses, 600 nm, 1500 nm, and 3000 nm. Some of the 3000 nm Co coated samples showed signs of spallation, these values are depicted as empty symbols. The reference ASR values from samples that were not preoxidized prior to applying the 1500 nm thick Co coating are shown as grey triangles.
The 
Discussion
Even though major differences in the thickness of the Co 3 O 4 layer can be seen in the SEM micrographs of all pre-oxidized, non-spalled samples, the ASR values hardly differed, which suggests that the ASR is not dependent on the Co coating thickness, and the main contributor to the overall resistance is the thermally grown Cr 2 O 3 . This interpretation is further strengthened by estimating the theoretical contribution of each oxide to the overall ASR value based on literature values for the respective conductivities and layer thicknesses. Certain limitations must be considered when literature values are used. The literature values are subject to a large spread and have been obtained for pure, dense bulk samples, which is not necessarily the case for a thermally grown oxide. Especially incorporation of Fe into the Cr 2 O 3 scale, which is often seen in thermally grown oxides, can greatly increase the conductivity of this scale. The oxide scale is also subject to a steep oxygen activity gradient, which, in turn, is expected to affect the defect structure in the oxide.
For the theoretical calculations, the oxides can be considered inseries connected resistors and, with the resistance of each oxide given by Equation (1), the resulting overall ASR is given by equation (2). 
where R is the resistance, σ the conductivity, and L the thickness of the oxide and A is the measured area. The literature values for the experimentally observed conductivities were measured at 800°C; whereas the experimentally observed ASR values in this study were recorded at 600°C. For this reason, the conductivities must be converted using their respective activation energies. These two values relate to each other according to Equation (3). (3), L represents the thickness of the observed oxide layer obtained from the cross-sections, and R 600°C is calculated according to Equation (2) with the area A = 1 cm 
where σ 0 is a pre-exponential factor, E a is the activation energy, R is the ideal gas constant and T the absolute temperature. The literature values used for all calculations along with the resulting conductivities and resistivities are summarized in Table 2 . Similar to the reported conductivity for Cr 2 O 3 also the literature values for the activation energy of Cr 2 O 3 are subject to a large spread and values between 0.25 and 0.82 eV (various measurements below 850°C [20] [21] [22] [23] [24] [25] [26] ) have been reported. In this work, the observed conductivity and respective activation energy of Park et al. [23] were used for all theoretical calculations. These values were chosen, because they are very similar to the average values that have been found over many different publications [19] [20] [21] [22] [23] [24] [25] [26] 31] . Discussions on and comparisons of the Cr 2 O 3 conductivity can be found elsewhere [28, 31] . For Co 3 O 4 the reported activation energy of Tareen et al. [32] was used, E a (Co 3 O 4 ) = 0.79 eV (measured below 650°C).
The results of the theoretical calculations showed that, in the case of L(Co 3 O 4 ) = 1.2 μm (≙ 600 nm Co coating), the contribution of Cr 2 O 3 to the overall ASR can be expected to be larger than the contribution of the cobalt oxide by a factor of 10. This relation, although slightly less prominent, also stays true when L(Co 3 O 4 ) = 5.7 μm is assumed, which corresponds to a 3000 nm thick Co coating and results in a resistance of R(Co 3 O 4 ) = 0.60 mΩ. The contribution of both oxides to the overall ASR was found to be well represented by the theoretical calculations, and the insignificance of the conductivity of the coating layer was further verified.
The ASR values of the spalled samples of the 3000 nm thick Co coating were higher than the values of the corresponding non-spalled samples (Fig. 2) . This can be easily explained by comparing the SEM micrographs for both cases (Fig. 1c and d) . A spallation gap was observed in all spalled samples, but was not present in the non-spalled samples. This gap (Fig. 1d) can easily lead to higher ASR values due to contact issues during measurement. The spread in ASR values can also be explained by the spallation that occurred, to different extents, on the spalled samples.
Relatively high ASR values were also measured for the reference sample (Fig. 2) . In combination with the SEM micrograph in Fig. 1e , it is obvious that the mixed (Co,Fe) 3 O 4 also contributed to the overall ASR value of the sample. This was not unexpected as the conductivity of CoFe 2 O 4 (σ = 0.93 S cm −1 at 800°C [18] ) is much lower than that of O 4 , it can be concluded that the coating conductivity is negligible for the overall ASR, with the exception of thick (> 5 μm) coatings, low temperatures, and/or coatings with a lower conductivity than Co 3 O 4 .
Conclusion
After 500 h exposure in stagnant laboratory air, pre-oxidized Crofer 22 APU with Co coating thicknesses ranging from 600 nm to 3000 nm showed very low ASR values between 7 and 12 mΩcm 2 . These low ASR values in combination with the corresponding SEM micrographs for the non-spalled pre-oxidized materials clearly show that the main contributor to the ASR values was the Cr 2 O 3 layer, and no observable contribution of the Co 3 O 4 layer to the ASR was visible after 500 h exposures at 600°C. These findings match the simple theoretical calculations well, which show that the main contributor to the overall ASR is the Cr 2 O 3 layer (a factor of 10 higher resistance than Co 3 O 4 for a 600 nm thick metallic Co coating). It was found that highly conductive coatings are not the solution to the high resistivity issues that may arise during fuel cell operation. Instead the aim should be to focus on effectively limiting the growth of very low conductive layers, such as Cr 2 O 3, as well as ensuring good electrode/interconnect contact.
